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ABSTRACT: Solid electrolytes provide a route to the development of all-soli
batteries that can potentially surpass the safety and performance of con
liquid electrolyte-based devices.dsubolid electrolytes have received partid
attention as a result of their high ionic conductivities. One of the main reas : a2
such high ionic conductivity is the apparently reduced grain boundary resistdncerof Grain size |
sul de solid electrolytes compared to their oxide counterparts, but this is not-fully
established. Using two model electrolyte systegR§ Biad NaPO,, we apply a
novel microscale simulation approach to analyze ionic transport in polycrystalline

materials with various grain volumes. FgP®jahigh grain boundary resistance is found, with the Na-ion conductivity
decreasing with decreasing grain volume. Ee§Nhe overall iruence of grain boundaries (GBs) is signtly reduced

Na-ion conductivity? >

compared to the oxide. Detailed analysis reveals a minimal change in the local structures and Na-ion conduction mechanisn

between bulk and polycrystallingR$a whereas the change is far more substantial ;fo®,Naith evidence of over-
coordination of Na ions at the GBs. Our microscale approach helps to explain the fundaerentatydnces of GBs on
ion transport in phosphate and thiophosphate solid electrolytes.

Research into solid electrolytes for high-performance atteramic ion conductors, where the roles of nanocrystallite and
solid-state batteries has seen a dramatic rise in rece®B e ects are not cledr:® Although many reports discuss the
years. ° By replacing the ammable liquid electrolytes in uence of GB resistance on ionic conductivity, its origins and
currently employed in commercial Li- and Na-ion batteriemechanisms are not entirely understood, particularly at the
with solid electrolytes, the safety of the devices can Bgomic scale.

signi cantly enhancel,as well as providing an avenue to NaPS has recently experienced a resurgence in inter-
potentially improve their energy and power densities. Ast?™=° 47 primarily as a result of the work of Hayashi et
multitude of 'StrUCtUraI ClaSSGS, |nC|Ud|ng gal’net, NASICOI&‘ZGAS who Synthesized a stable g|%$m|c cubic phase at
LISICON, thio-LISICON, and perovskite structures, havgoom temperature with an unprecedented Na-ion conductivity
been considered as solid electrolyte matefidlSAmongst  of 2x 10 S cm™. Krauskopf et al.report that the inuence

these families of materials, Li- and Na-ion conducting Ggs appears to be small in these mechanically soft materials.
thiophosphates, includingMP,S,, (M = Ge, Si or Sn), = gmga)| GB resistances have also been reported for other well-
LisPS, NaPS, and NaSnPS, ™ °° have received n,.n suide solid electrolytes, such as the argyrodite
signi cant interest because of their intrinsic soft mechanlcE JPSBF® and LiGeRs;,2%2%° Conversely, earlier studies

nature and fast-ion conductign. . & .
. X . : have speculated that the Na-ion conductivity gPSN&
In oxide-based solid electrolytes, grain boundaries (GBSs) are Snced by GB&?” Although NgPO, has been studied for

enerally considered to inhibit ion migration and thereford' . . .
?epreser)]/t a substantial hurdle for fast—ign condtitfigror  OVer 4 decades as a solid electrdiyteits GB resistance has

sul de-based solid electrolytes, theience of GBs on the not begn fully characte_nzed. .

overall ion transport is not as clear, withictng reports of . In th's stu.dy, we elucidate the role OT GBs in the transport of
GBs that either hinder ionic condudi8f2’ or have no ions in solid electrolytes by proposing a novel microscale
signi cant eect on ionic conductiGh?*?82° In any case, it is sprategy based on Iarge—.scale molecular dynamics (MD)
frequesggysgbserved that oxides show larger GB resistance tR§Rulations. We apply this method to analyze two well-
sul des:

GBs are also important microstructural features that areeceived: May 7, 2019

linked to dendrite formation and penetratioit,and defect ~ Revised: June 26, 2019
segregatidf Furthermore, there is growing interest in glass Published: June 26, 2019
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known polycrystalline model systemgP8laand NaPQO,, displacement (MSD) plots for Na-ionudiion in bulk N#S

with various grain volumes, in order to elucidate taeedt and NgPQ, are given irrigure S1We nd that the Na-ion
contributions of GB resistance in daland oxide solid conductivity is higher in the gi# than the oxide, with
electrolytes. Oundings show high GB resistance fgPNa calculated bulk conductivities at 400 K of>8 42 and 9.18

but for NaPS, the relationship between ion transport andx 10 ° S cm? for NaPS and NgPQ,, respectively.

grain volume is less sigaint. Structural and mechanistic  Our conductivity values are in good agreement with the
results reveal pronounced edences between the local impedance measurements of Krauskopf efoaltetragonal
environments of the ions at the GBs gPl¥g whereas for NaPS$ obtained from a high-temperature solid-state synthetic
NaPS, these dierences are minimized. This novel microscaleoute ( 8 x 10 *S cm® at 333 K) and Yu et a.for cubic
approach illustrates the fundamentallgreint inuences of  and tetragonal NS ( 1 x 10“4and 1x 10°S cm?tat

GBs on ion transport at the atomic scale inlswind oxide 300 K, respectively). The calculated activation energy of 0.27

solid electrolytes. eV for NgPS agrees well with the value of 0.28 eV derived
from impedance measureméhts.
RESULTS AND DISCUSSION A conductivity of 2.5 10 3 S cm? was found for NRO,
S : 3
Structures and Na-lon Conductivity of Bulk NaPS, at 600 K. This is in agreement with the valuelof 10 * S
and Na;PQ,. Two crystal polymorphs are known fofH$a cm S%Eéalned from impedance values at the same temper-

a tetragonal phase with space gr ¢ and lattice ature2=>® Our calculated activation energy of 0.34 eV is
parameters of = 6.952 A andt = 7.076 &* and a cubic  Slightly lower than the experimental value of 0.2%%V.

phase with space groidm and a lattice parameteraof Na-lon Conductivity of Polycrystalline NaP$ and
6.989 &' These polymorphs are very similar, with minorN&PO;. To assess the impact of GBs on the Na-ion
di erences in the orientation of the, RSrahedra and the conductivity of the model BR§ and NgPQ, systems, we
corresponding positions of the Na ions. Furthermore, they ald/estigated polycrystalline systems witkratit grain
exhibit similar Na-ion conductivifié® although earlier ~Vvolumes, as illustrated figure 2 The grain volumes are
studies have reported higher conductivities for the cubic
phasé®’ Similarly, a tetragonal phase with space B48yp
and lattice parametersasf 10.811 A and=6.818 A°and a
cubic phase with space gréuBm and a lattice parameter of
a = 7.544 R° also exist for NRO, The tetragonatubic
transition for NgPO, results in a sudden increase in Na-ion %
conductivity?
In this work, we focus on the cubic polymorphs as tht :
crystallographic similarities between cubR3Nand NaPO, 85 nm

allow us to examine key GBeds. The calculated lattice Figure 2 Polycrystals of MRS containing (a) 2, (b) 10, and (c) 100
parameters for cubic JRS and NgPO, are 6.992 and 7.524  grains (equivalent to grain volumes of 108, 21.6, and £16 nm
A, respectively, in excellent agreement with experlmen?@g,pectivdy), Each color represents a unique grain.

data?®®>> The agreement between the experimental and

calculated bond distances is also excellent, as shown in the
Supporting InformatiofTable S2). calculated by simply dividing the total volume of the
Figure Ishows the Arrhenius plots for the calculated Na-iopolycrystal by the number of graligure a,b shows the
conductivity for bulk NBRS and NaPQ, Mean squared Arrhenius plots for the calculated Na-ion conductivity for bulk
and polycrystalline pRS and NaPQ,, respectively. Example
T (OC) MSD plots for Na-ion dision in polycrystalline ¥¢& and
NaPO, are given ifrigure S2
’ 450 350 250200 150 100 50 The Arrhenius plots for BRS in Figure & reveal two
o v vl ' ' ' important ndings. First, the conductivities for the polycrystal-
line systems are higher than for bulkPSa The highest
NasPS4 conductivities are found for polycrystals with the smallest grain
(Ea = 0.27+0.009 eV) volume of 2.16 ninwith values of 6.26 10  and 3.38x
10 2 S cm? at 400 and 800 K, respectively, compared to the
bulk conductivities of 3.4210 4 and 1.9% 10 2 S cm? at
400 and 800 K, respectively. Furthermore, when the
conductivities of the polycrystals ofR$aare extrapolated
to room temperature, they are very similar to the bulk
conductivity. These results suggest that GB resistance in
N&PS is indeed small, as proposed in recent impedance
experiments of this mechanically soft méterial.
o N Second, the calculated activation energies are all similar for
1214 16 1.8 20 2.2 2.4 2.6 2.8 3. the polycrystals of BRS (0.28 0.30 eV) compared to the
— bulk value of 0.27 eV, which suggests that the overafida
1OOO/T (K 1) of GBs on Na-ion transport in this material is minimal.
In contrastFigure ® shows a reduction in conductivity and
Figure 1.Na-ion conductivities Y and activation energie&,)for a small increase in activation energy for all theCNa
bulk NaPS and NaPO,. polycrystalline systems compared to the bulk. The lowest
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T (OC) important to bear in mind that ionic aéion at GBs can be
(a) 450 350 250200 150 100 50 di erent in dierent structural phases of solid electrolytes.
Figure 4shows the activation energies for bulk and
'1 0 1 1 L 1 1 L I . . .
. L ® Bulk — 0.27+0.009 eV polycrystalline NBS and NgPO, as a function of grain
— -1.5F  hd M 108 nm3- 0.30+0.002 eV
| N i\\\ .3010.
S ook ke 21.6 nmd — 0.29+0.007 eV 0.40} ' ' ' L
o o Nas._ | A2.16 nm3-0.28:0.006 eV 0.38l° NazPO4 |
wn) -2.5F - ' o
: 3.0 TNy \:\\\ — 0.36f © O e} ]
5" © A D 0.34 oo ]
O -3.5F NagPS, RN —
o « 0.32} .
"40 = \t\‘\\\\\\\\\ LLI 0 30 B Na3PS4 a
S . =
45 1 1 1 1 1 1 1 1 1 . u u
® 121416 18202224 262830 08 o h
1000/T (K™1) o26f | ]
(b) T (°C) 0 20 40 105 110
- 450 350 250200 150 100 50 Grain volume (nm?3)
=1, y T T I I I I I
—_ \. ©® Bulk — 0.34+0.006 eV Figure 4. Activation energiesE] for bulk (dashed lines) and
-—Ic 2.0k \f!\\ B 108 nm3— 0.35+0.006 eV g?grca%st/%lllt];el\jas (squares) and NRO, (circles) as a function
- \‘\‘o 21.6 nm2 - 0.36+0.010 eV '
O 251 'l. A 216 nm®-0.38+0.011 eV volume. The activation energies decrease {BONaut
\U_l ““\\\1\ increase for NRBS, as the grain volume becomes larger. These
g -3.01 NN ndings highlight the opposinguences of GBs on Na-ion
@) A AN transport in sutle and oxide solid electrolytes.
=35 AN R In order to conrm the trends between conductivity,
o NasPO4 NN activation energy, and grain volume discussed above, we also
— -4.0f NN e carried out a number of simulations with much largex 125
RN 125x 125 & cells containing 80 00020 000 ions, thereby
4.5 IR R T RN SR T SN BN S increasing the grain volumes by almost an order of magnitude.
12141618202224262830 Arrhenius plots for the conductivities obtained from these
1000/T (K_l) calculations with grain volumes of 976.56, 195.31, and 19.53

nm? (equivalent to 2, 10, and 100 grains, respectively) at 400,

Figure 3.Na-ion conductivities \ and activation energies,)(for
bulk and polycrystalline (for threeedtent grain volumes of 108,
21.6, and 2.16 Mn(a) Nag;PS and (b) NaPO,. Conductivity data
for all ve grain volumes are giverrigure S3

600, and 800 K are giverHigure S4From these results, it is
clear that the same trends are observed-aguies &and4,
namely, decreasing conductivity and increasing activation
energy with decreasing grain volume for the oxide and
increasing conductivity with decreasing grain volume for the
sul de.
conductivities are obtained for the systems with the smallestn summary, our results show two distinct and opposing
grain volume, reaching 2:240 °and 6.20< 10 *S cm? at behaviors for the ect of GBs on Na-ion conduction in two
400 and 800 K, respectively. These values areasigpi model sulde and oxide solid electrolytes.
lower than the bulk conductivities of %180 ° and 1.58« Local Structural Insights into GB E ects. The analysis
10 2S cm? at 400 and 800 K, respectively. Furthermore, theref ion transport presented here shows the distinathenli
is a relationship between the activation energy and the gramuences of GBs on ion conduction inR&and NaPQ;;
volume, with a rising trend in activation energy from bulkowever, the underlying reasons for theseedces are not
NaPO, to the NaPO, polycrystal with the smallest grain fully understood. To probe the local structural factors, we
volume of 2.16 ninHence, the results frdfiyure ® provide analyze the radial distribution functions (RDFs) foiNda
evidence of GB resistance inA@. Although we are not Na P, and NaS/O in the bulk materials and the polycrystals
aware of any experimental characterization of GB resistandgth the largest (108 mmand smallest (2.16 fAmgrain
specically in NgPQ,, signicant GB resistance for the volumes. The RDFs for both;R§ and NgPQ, at 400 K are
majority of oxide-based Li- and Na-ion fast conductors displayed ifrigure 5
well documentetf%3%°7 =9 First considering NaS, the bulk and polycrystal systems
We have previously demonstrated the important role of Gghow a sharp primary peak at3 A in their NaNa RDFs.
resistance in the fast-ion conductg®Ci, which allowed us For the polycrystals, these peaks are higher, marginally
to provide accurate estimates of ionic conductivities arfsroadened, and their distance reducedOoy A, compared
activation barriers in agreement with experimentaf @iats. to the bulk. These features suggest that the GBsHS Na
earlier work and other studi&shave also shown that it is allow the Na ions to be closer to each other. It is noteworthy
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peak deformation has been observed folPNRDFs in

NaNain NaoPSe) = Sogons NaeNain NaoPOul = oo NaPS, where de Klerk and Wagemikeassociated the
— 2o’ I L formation of two peaks a8 5 A with unsuccessful Na-ion
migration, as it results in a contraction of the free volume
around the Na ions. Given that such behavior is indicative of
unsuccessful hops, these results help to explain the reduced
Na-ion conductivity that we observed as a function of grain
volume for NgPO,.
As with the NaS RDFs for N®S, the Na O RDFs for
*MNaPin NasPS; [~ Buk ® " NaP in NagPO,s [ oum NagPQ, are all similar. Our structural analysis shows that the
51 A — o nm’ 5r . = e distributions of NaS and NaO distances are not crucial
41 - A factors in determining the changes in conductivity when
€3 comparing bulk and polycrystalline systems.
ol Analysis of the integrated RDFs provides useful information
L on the local coordination of a species. The integration of the
o N Na Na, Na P, and NaS/Na O RDFs for bulk and
2 “a 8 8 polycrystalline NBS and NgPO, at 400 K are given in
5 . ' 5 . ) . Figure 6
Na-Sin NagPS; |- Buk Na-O in NagPO, [ --- Buk
| — 108 nm® L — 108 nm®
¢ — 2160 4 — 216nm’ I NaNam NasPS, B NaNam Na;PO,
sl
ot A1O T Buk A1O T Bux
it [t =
5 - 5r
%, 4 N 8
e s s s
Figure 5. Na Na, .Na P, and NaS/O RDFI%S for bUIé(I f?)nd r(A) S r (A
olycrystalline (grain volumes of 108 and 2.1H NagPS (le — " —
gné’ NéP o (rigr(l% 400 K. agPS | e, 1 NaPinNaPO, =
. 3 H-- Buk 3 - Buk
that the NaNa RDFs for the NRS polycrystals with the £ || — 1smm S| — 108
largest and smallest grain volumes are almost identic 2f— 2™ 2p— 2o
suggesting that the drence between the conductivities of 4} 1k
these polycrystals is not a primary result of the Ne

distributions. This is in agreement with the ab initio MD % 3
results of de Klerk and Wagem&ak&he Na P RDFs for the :
bulk and polycrystals of JR& show comparable behavior. Na-S in NasPS,
The Na S RDFs for N®S are almost identical for each 201
system, with similar trends to those previously observed f 5l
RDFs of successful Na-ion hopping. g |- J08
Overall, the RDFs for bulk and polycrystallin®$lare 10—
strikingly congruent, which strongly suggests that there is 1 5¢
substantial change in the conduction mechanism as a resul . .
the GBs. This is further corroborated by the fact that the RDF 2 3 " 4 5
of the polycrystals are almost indistinguishable. These resuits
again advocate that it is the point defect concentrations afibure 6.Integration of NaNa, Na P, and NaS/O RDFs for bulk
compositional changes that are responsible for the smaild polycrystalline (grain volumes of 108 and 2.36NmPS
changes in Na-ion transport characteristics;®SNend not ~ (left) and NaPO, (right) at 400 K.
the GBs themselves.
We now turn our attention to NO,. The bulk RDFs are The main feature revealed from the dakagure 6is the
in excellent agreement with previous MD sttiliesontrast di erence in the coordination of Na ions to neighboring Na
to NaPS, the Na Na RDFs for bulk and polycrystalline ions between the polycrystals ofP$aand NgPO,. For
NasPO, show very derent behavior. The NBla distances of NaP$, the coordination number of Na ions to other Na ions
the primary peaks are 3.15 A for the bulk and 3.05 and 2.95id\highest in the polycrystal with the largest grain volume of
for the polycrystals with grain volumes of 108 and 2%.6 nml08 nrd, whereas for NRO,, the polycrystal with the smallest
respectively. grain volume of 2.16 Amhas the highest coordination
For the NaP RDFs in NgO,, the main peaks at 3.5 A number. This fundamental elience indicates that Na ions
undergo substantial changes when moving from the budkectively become under-coordinated with decreasing grain
system to the polycrystals. The peaks become smaller armiume in NgPS, thereby providing potential for higher Na-
increasingly asymmetrical, particularly for the polycrystal wiittn di usion in these polycrystals.
the smallest grain volume of 2.18 wirere a second peak on  In contrast, the opposite is true fogfN3,, where the Na
the right shoulder of thest peak becomes visible. Similar ions become over-coordinated with decreasing grain volume.

Na-O in NagPO;
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These two opposingects may help to explain theedence It has been proposed that Na-iorudion in NgPO, can
between the GB behavior of slel and oxide solid occur through the coupling of Na ions with the reorientation
electrolytes. of their neighboring phosphate anions, that is, the so-called

In summary, this local structural analysis has clearly shotypaddle-wheele ect®' In agreement with earlier MD
di erent behavior for the JS and NaPO, electrolytes. For  studies.>3°? we nd no strong evidence of thiseet for
the sulde, the dierences between the RDFs of the bulk andeither NgPOQ, or NaPS. As shown by the images-igure
polycrystalline systems are small, suggesting that the struct@we do not observe any sigant rotation of the R&@nd
changes induced by the GBs do not have a draneatioe PO, tetrahedra. Furthermore, correlated motions have been
Na-ion transport. Conversely, for the oxide, tleeetices are  excluded for NRO, on the basis of high-resolution neutron
much more pronounced. The GBs have acdgnimpacton  backscattering studfiés.
the short- and long-range atomic distributions, suggesting aVe now turn our attention to Na-ion wkion in the
fundamental change in the Na-ion conduction mechanism pblycrystalszigures &nd9 show the diusion density plots of
NaPO,. These results help to explain the reasons for the
impact of GBs on conductivity in sigs being weaker than in Grain 1
oxides.

Na-lon Conduction Mechanisms.To clarify the under-
lying atomistic conduction mechanisms in these two materie
and how the GBs act these mechanisms, we produce densit
plots of the accumulated Na-ion trajectories over the simulat:
timescale, which are a powerful means of visualizing tl
migration pathways and all the positions in the lattice that a
traversed.

Figure 7shows the Na-ion dision density plots for
selected regions of bulk;R& and NaPQ, at 400 K. As

'.‘L
- e i

Grai 2

Figure 8.Di usion density plots of Na ions overlaid op PS
tetrahedra in NRS polycrystals with two grains at 400 K. Red
circles highlight areas of sigant intergranular dision.

Na ions in NgPS and NagPO, polycrystals, respectively, with
a grain volume of 108 Aiftwo grains) at 400 K. Both grains
(labeled 1 and 2) of the polycrystals are shown in separate
images in order to better visualize Na-iamsibin at the GBs.
Signicant areas of intergranularugion (di usion between
di erent grains) are highlighted fop&. Figure 8shows a
higher level of Na-ion dision at the GBs for BRS
Figure 7.Di usion density plots of Na ions (blue lines) overlaid oncompared to N®O, (Figure §, as can be observed by the
PS (yellow) and PQ(red) tetrahedra in bulk (a) S and (b) dense blue areas located at the edges of the graigBS:f Na
NaPO, respectively, at 400 K. In NaPO,, the majority of Na-ion dision takes place
within the grains, with very few Na ions hopping across the
GBs from one grain to another. In contrast, intergranular
expected, sigmant long-range three-dimensional Na-iondi usion is far more prevalent i;R8, as highlighted by the
di usion is observed in both systems. A greater density fd circles ifrigure 8 These results strongly suggest that GBs
Na-ion di usion pathways is observed fgPlSacompared to  in NaP$S do not restrict ion transport to the same extent as
NaPO,, in agreement with the faster Na-iomslon of the  those of N0, Such ndings are in complete agreement
sul de system. Both materials exhibit the same vacanayth our conductivity and structural analysis.
di usion mechanism, where the Na ions vibrate around theirOn this basis, it can be proposed that the under-
own sites before migration to a nearby vacant site. Vacammpordination of conducting ions at the GBs of mechanically

migration has been proposed previously for bggR4 “*° soft suldes can be bermal for conductivity, whereas for
and NgPQ,°>°3>° oxides, the over-coordination is detrimental to ion transport.
5300 DOI:10.1021/acs.chemmater.9b01794
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microscale approach used in this work can be widely applied to
other Na- and Li-ion solid electrolyte materials.

METHODS

The MD simulations are based on established techniques and have
been widely used to determine the ion transgort properties in a wide
variety of Li- and Na-ion battery matetf&&>* 8 A new potential
model was developed for cubigR®a(Table S}using the empirical
derivation procedure of the General Utility Lattice Program
(GULP)®® For NaPO,, we used the proven potential model of
Tilocca et al° (Table Spthat was developed for MD calculations of
phosphosilicate glasses, augmented here with lda M&eratomic
potential from Harding.Formal valence charges for all ions and a
potential cut-oof 12 A were used. A full description of the potential
models is available in thapporting InformatiofTables S1S4).

The MD calculations were performed using the large-scale atomic/
molecular massively parallel simulator (LAMNfRS)g MD runs
of 10 ns were completed using a time step of 1 fs and supercells of
9000 13 000 ions for both the bulk (single crystal) and polycrystal
systems. Larger polycrystals of 80080000 ions were also tested
in order to verify the trends determined for the smaller polycrystalline
cells. Simulations were carried out for a temperature range of 400
800 K at intervals of 100 K using M¥T ensemble with a Nose
Hoover thermostaf, with initial equilibration performed using the
NPT ensemble for2 ns. We note that our calculations were carried
out at elevated temperatures to improve computatiariahey.

Disorder was introduced to the bulk systems to promote long-range

Figure 9.Di usion density plots of Na ions overlaid on, PO di usion using Na vacancies (compensated by S or O vacancies) that

tetrahedra in N®O, polycrystals with two grains at 400 K. were randomly distributed throughout the supercells at a concen-
tration of 10%. A lower Na vacancy concentration of 3% was also

tested (see~igure S{ with only a minor reduction in Na-ion
These results help to explain the opposiegg&of GBs in  conductivity below 800 K and a minor increase in activation energy

solid electrolytes reported in the literattre’® observed compared to the 10% Na vacancy bulk systems. Such
disorder was not introduced into the polycrystals as point defects
CONCLUSIONS were already present as aultesf the GBs. The average

toichiometries of the polycrystals are givemaie S5 Self-

. . . S
Grain boundary resistance is one of the key challenges that;sion data for Na were obtained from an MSD analysis according
must be overcome for the successful utilization of all-solid-stgte

batteries. It is generally accepted that grain boundary resistance ,
is higher in oxides than gi#s; however, the underlying F() = 6Dyt 1)

reasons for this are not fully understood. In this work, we ha‘v’\ﬁ]ere r(t) is the MSDDy, is the di usion coe cient for Na, antl

used _a novel microscale S'mma,t'on approach to |den_t|fy a%dtime. The diusion data were then converted to conductivifies (
explain the fundamentally efient inuences of GBs on ion  sing the NernsEinstein relationship

transport in two model solid electrolytesPSaand NgPO,,

with the following key results: _ ., nd
) ) ) . . = Hpr—
(a) High grain boundary resistance is found fgP@®lain Dna KT
Wh'.Ch the Na-ion conductivity decreases with decreasn’eg)wheren is the number of Na ions per unit volugrie the electron
grain volume. i _ chargek is the Boltzmann constafitis the temperature, ahig is
(b) In contrast, the results for Na-ion transport in the Haven ratio, which is set to 1 in our calculations.
polycrystalline NBS suggest very small or insigant The polycrystal models used in this study were constructed using

grain boundary resistance, in agreement with receibronoi tessellations, as employed in the Atomsk prégnamnich
experimentalndings. Indeed, visualization of the Na- nodes are introduced at given positions inside the simulation box that

ion conduction pathways shows wmt intergranu'ar are then linked with their neighboring nodes. The normals to these
conduction in N#S. links are then found and thesendethe contours of the randomly

; ; orientated grains, that is, the GBs in this study. Unit cells are then
(c) The local St_rugitures Ihn ?]UIk and p;olytcr:]rytsttatilngé’ft&lat aced at the nodes and are expanded in three dimensiomal The
areé very simiar, which suggests tha e struc uréﬁlycrystal is then obtained after the unit cells have been expanded
changes induced by the GBs do not have a dramatig cut into the respective grains. The unit cell structures and
e ect on Na-ion transport. In contrast, the local example polycrystals for cubigSand NaPO, are given iffigure
structure of N# O, exhibits distinct changes, including 10. Further details regarding the setup of the polycrystals for the MD
over-coordination around Na ions at the GBs, indicativeimulations are given in tBapporting Information
of a fundamental change in the ion conduction Cubic polycrystals with dimensions of &0 x 60 & were used.
mechanism. Pollycrystalfslv(\)/gh 423 g zlf,GZCi,OaSnd 1gozg{g|ns (eqtylvial)ent to grain
. . . volumes o , 43.2, 21.6, 10.8, and 2.16respectively) were
Our results help to clarify the opposing behavior of GBS ifjseq 1o investigate theeets of GBs on Na-ion transport in these
impact on ion conduction. Given the importance of interfacege illustrated ifigure 2MD simulations were carried out on three
in all-solid-state batteries, we propose that the computatiortlerent random polycrystals for each grain volume and the data were
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